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CHAPTER 3. 
 
The variation of electron donating ability of smectites as probed 
by photoreduction of methylviologen 
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3-1. Introduction  
Methylviologen has received much attention as redox catalyst and electron 
relays for solar energy conversion and storage (Sliwa et al., 1991; Monk, 1998).  
Photoreduction of viologen embedded on various solid matrices such as silica gels 
(Xiang and Kevan, 1994; Mao et al., 1995), zeolites (Yoon and Kochi, 1988; 
Macmanus et al., 1995; Alvaro et al., 1997; Park et al., 1999; Ranjit and Kevan, 2002), 
clay minerals (Detellier and Villemure, 1984; Villemure et al., 1985; Miyata et al., 
1987), layered transition metal oxides (Nakato et al., 1988, 1989, 1991, 1992, 1993; 
Miyata et al., 1988; Bose et al., 2002), and layered zirconium phosphonates 
(Vermeulen and Thompson, 1992; Vermeulen et al., 1993)  have been studied in order 
to construct a photoredox system.  It was shown that photoreduction of viologen and 
the stability of the formed viologen radical cation were affected by the host-guest and 
guest-guest interactions.  Further studies on the photoreduction of viologen on solids 
are worth investigating for the controlling the photochemical reactions as well as for 
the understanding of the electronic states of solids. 
A variety of oxidation-reduction reactions in smectite-organic systems have 
been investigated.  The charge transfer from the adsorbed aromatic molecules such as 
benzidine to smectite have been reported and the charge transfer was affected by 
chemical composition.  The crystal edge of smectites was also thought to affect the 
charge transfer (Theng, 1971, 1974).  In contrast, there are few studies on charge 
transfer from smectite to organic species except for the studies on the reduced clays, 
whose ferric ions were reduced prior to the complexation (Stucki et al., 1996).  
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Charge transfer from benzidine to smectites result in metachromatic change of 
benzidine (Theng, 1971, 1974; Stucki et al., 1996).  Metachromatic change of 
acridine orange and tetracyanoethylene adsorbed on smectites was reported to the 
charge transfer from smectites to adsorbed organic dyes (Garfinkel and Yariv, 1997).  
It has been proposed that the charge transfer from smectites to adsorbed organic 
species is affected by isomorphous substitution in tetrahedral sheets and whether di-  or 
tri- octahedral (Yariv, 1992; Garfinkel and Yariv, 1997). 
In this chapter, the photoinduced electron transfer from smectites (synthetic 
saponite: Sumecton SA, synthetic hectorite: Laponite XLG, and natural 
montmorillonite: Kunipia F) to methylviologen was demonstrated.  Photoreduction of 
viologen adsorbed on smectites have been conducted previously in the presence of 
added electron donors (Detellier and Villemure, 1984; Villemure et al., 1985; Miyata et 
al., 1987) such as polyvinylpyrrolidone (Miyata et al., 1987).  There are few papers 
on the photoinduced chemical reactions between smectites and organic species such as 
pyrene and dioxin adsorbed on smectites (Iu et al., 1991; Liu and Thomas, 1991; Liu et 
al., 1992; Mao et al., 1993).  Electron donating ability of smectites has not been 
reported while zeolites are known to act as electron donors and photoinduced electron 
transfer from alkali ion-exchanged zeolites to methyl viologen has been reported 
(Yoon and Kochi, 1988; Macmanus et al., 1995; Alvaro et al., 1997; Park et al., 1999; 
Ranjit and Kevan, 2002).  It was presumed that electron donating ability of smectite 
was affected by the structure and particle size of smectites and found that 
methylviologen intercalated in Sumecton SA and Laponite XLG were photoionized by 
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UV irradiation while photochemical reduction of methylviologen did not occur in the 
interlayer space of Kunipia F.  
 
3-2. Experimental section 
3-2-1. Materials 
Kunipia F (montmorillonite), Sumecton SA (saponite) and Laponite XLG 
(hectorite) were used as host materials.  The details of the host materials were 
described in chapter 2.  Methylviologen, N,N’-dimethyl-4,4’-bipyridinium 
(abbreviated as MV2+) dichloride (Tokyo Kasei Ind. Co.), was used as received. 
 
3-2-2. The preparation of methylviologen-smectite intercalation compounds 
  1.0 g of smectites were dispersed in 100mL of methylviologen dichloride 
aqueous solution and the suspensions were stirred for 24 h.  The amounts of the 
added methylviologen dichloride were just equal to the cation excha nge capacity of the 
smectites (153, 90 and 79 mg for Kunipia F, Sumecton SA and Laponite XLG aqueous 
suspensions, respectively).  After the ion exchange, the suspensions were centrifuged 
at 4000 rpm for 15 min.  The precipitates were washed with 100 mL of deionized 
water by magnetic stirring to remove the unreacted methylviologen dichloride.  The 
centrifugation and washing were repeated until a negative AgNO3 test was obtained.  
After that, the precipitates were dried under a reduced pressure.  
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3-2-3.Photochemical reactions   
50 mg of methylviologen-smectite intercalation compounds (abbreviated as 
MV2+-Sumecton SA, MV2+-Laponite XLG, and MV2+-Kunipia F) were irradiated using 
500 W ultra high-pressure mercury lamp (USH-500D, Ushio Inc.) in 13.5 mL of grass 
bottle under air atmosphere at room temperature.  The distance between the lamp and 
the sample is 15 cm.  During the UV irradiation, the glass bottle was rotated to ensure 
homogeneous irradiation over the whole sample body (Photograph 1). 
 
3-2-4. Characterization 
X-Ray powder diffraction patterns of the products were recorded on a Rigaku 
RAD-IA diffractometer using monochromatic Cu Ka radiation.  The range of the used 
divergence, scattering and receiving slits were 1.0°1.0°and 0.3 mm, respectively.  
The tube voltage and current were 40 kV and 20 mA, respectively.  Sampling step 
and counting time were 0.01°and 0.5 second.  TG-DTA curves were obtained on a 
Rigaku TAS-2000 instrument at the heating rate of 10 ℃ min-1 under air atmosphere 
using α-alumina as the standard.  Diffuse reflectance UV-vis absorption spectra of 
the products were recorded on a Shimadzu UV-3100PC spectrophotometer using 
integrated sphere.  MgO was used to dilute the powdered sample (the weight ratio of 
the sample to MgO was 1/3).   Scanning speed of the spectrophotometer was 200 
nm/min and the optical slit was 2.0 nm.  The amounts of adsorbed methylviologen 
were determined by CHN analysis (Yanaco MT-3).  ESR spectra were recorded at 
room temperature at 9.4 GHz using a JEOL JES-TE200 spectrometer with 100 kHz 
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field modulation.  The yields of methyl- viologen radical cation (abbreviated as MV･
+) were determined by double integration of the ESR spectra using the JES-TE200 
software.  2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO) benzene solution was used 
as a standard sample of quantitative analysis for ESR spectra.      
 
 
 
 
 
 
 
 
Photograph 1. Sample roter and 500 W high-pressure mercury lamp 
 
3-3. Results and discussions 
3-3-1. The preparation of methylviologen-smectite intercalation compounds 
 The XRD patterns of the smectites and the products prepared by the reactions 
between smectites and MV2+ are shown in Figure 1.  The basal spacings were 1.3, 1.3, 
1.3, 1.3, 1.2, and 1.3 nm for Sumecton SA, MV2+-Sumecton SA, Laponite XLG, 
MV2+- Laponite XLG, Kunipia F and MV2+-Kunipia F, respectively.  The thicknesses 
of the interlayer space of MV2+-smectite intercalation compounds were determined to 
be 0.3 nm by subtracting the thickness of silicate layer (ca. 1.0 nm) from the observed  
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Figure 1.  XRD patterns of Sumecton SA (a), MV2+-Sumecton SA (b), Laponite XLG 
(c), MV2+-Laponite XLG (d), Kunipia F(e) and MV2+-Kunipia F (f). 
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basal spacings.  This value was close to the values reported for the MV2+-smectites 
(Weber et al., 1965; Knight and Denny, 1970; Raupach et al., 1979; Rytwo et al., 1996) 
and hydrated Na+-smectites (Figure 1).  This result suggested that the adsorbed MV2+ 
arranged with their pyridine rings (the thickness is ca. 0.3 nm) parallel to the silicate 
layer.  The products and those of hydrated smectites were heated at 180℃ under a 
reduced pressure.  The basal spacing of MV2+-smectites did not change just after the 
heat treatment (1.3 nm), while those of the Na+-smectites decreased to 1.0 nm showing 
dehydration.  These results confirmed the intercalation of MV2+ in the interlayer 
space. 
The carbon contents of the products, which were obtained by CHN analysis, 
were 4, 4, and 7 mass%, for MV2+-Sumecton SA, MV2+-Laponite XLG, and 
MV2+-Kunipia F, respectively.  The amounts of the adsorbed methylviologen cation 
were determined by the content to be C mass% were calculated to be 5.2, 5.2 and 9.1 
mass% for MV2+-Sumecton SA, MV2+-Laponite XLG, and MV2+-Kunipia F, 
respectively.  The N mass % in the MV2+-smectite were 0.7, 0.7 and 1.2 mass % for 
MV2+-Sumecton SA, MV2+-Laponite XLG, and MV2+-Kunipia F, respectively.  The 
mass ratio of the C/N in products is almost same the ratio of the chemical composition 
of MV2+.  These values were converted to 66, 66, and 116 meq/100 g of clay for 
MV2+-Sumecton SA, MV2+-Laponite XLG, and MV2+-Kunipia F, respectively.    The 
amounts of the adsorbed MV2+ were agreed with the cation exchange capacity of 
smectites (71, 62 and 119 meq/ 100 g clay for Sumecton SA, Laponite XLG and 
Kunipia F, respectively), indicating the quantitative ion exchange reaction between 
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sodium ion and MV2+. 
Diffuse reflectance spectra of the MV2+-smectites are shown in Figures 2, 3, 
and 4.  In the spectra of the MV2+-smectites (Figures 2a, 3a and 4a), absorption bands 
due to π-π* transition of MV2+ were observed at 275 nm.  This absorption bands 
are broad and shifted from that observed for MV2+ in dilute aqueous solution (257 nm).  
On the other hand, λmax were same irrespective of the host (Figures 2a, 3a and 4a).  
This red shift reflects that the clay surface provides the environment with different 
polarity compared with the water.  The other reason of the red shift is the differences 
in the planarity of the rings, and/or molecular orbital distortions owing to the 
confinement in a restricted space (Haque et al., 1970; Hayes et al., 1975; Villemure et 
al., 1986, 1991; Rytwo et al., 1996).  When a molecule is more planar, the number of 
functional π electron if maximized, causing a red shift in the π-π* transitions  
(Berlmann, 1970).  Taking into account the gallery height of the products (0.3 nm), 
thickness of pyridine ring (0.3 nm) and the spectral red shift, methylviologen dication 
was intercalated in the interlayer space of smectites and their pyridine rings were 
arranged parallel to the silicate layer (Rytwo et al., 1996). 
 
3-3-2. Formation of MV・+ by UV irradiation 
MV2+-smectites were colorless (Figures 2a, 3a, and 4a) and  ESR silent (Figures 
5a, 5c and 5e).  After the UV light irradiation, MV2+-Kunipia F was still colorless 
(Figure 4b) and ESR silent (Figure 5e).  On the contrary, MV2+-Sumecton SA 
changed its color to dark brown-green (Figure 2b) and showed a symmetric single ESR 
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signal (Figure 5b) with g = 2.004 and a peak-to-peak line width of 8.0 G after the UV 
irradiation.  MV2+-Laponite XLG changed its color to yellow (Figure 3b).  ESR 
spectrum of the MV2+-Laponite XLG after the UV irradiation showed a weak 
symmetric single ESR signal (Figure 5d).  This ESR signal was typical of the 
methylviologen radical cation (Sliwa et al., 1991). 
Although, the diffuse reflectance absorption spectra of the MV・+-Sumecton SA 
is not identical to that of the typical MV・+, the new band seen at 600-700 nm in the 
spectra of the MV2+-Sumecton SA after the UV irradiation (Figure 2b) is similar to the 
spectrum of MV・+ in water detected by transient absorption spectrum (Peon et al., 
2001).  The λmax of MV・+ in the transient absorption spectrum were 388 nm and 644 
nm.  Relative to the spectrum of MV・+ in methanol solution, the absorption band  
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Figure 2.  Diffuse reflectance UV-vis absorption spectra of MV2+-Sumecton SA 
before (a) and after (b) the UV irradiation. 
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Figure 3.  Diffuse reflectance UV-vis absorption spectra of MV2+- Laponite XLG 
before (a) and after (b) the UV irradiation. 
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Figure 4.  Diffuse reflectance UV-vis absorption spectra of MV2+- Kunipia F before 
(a) and after (b) the UV irradiation. 
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Figure 5. ESR spectra of MV2+-smectites before (a),(c),(e) and after (b),(d),(f) the UV 
irradiation. 
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appeared at 388 nm is blue-shifted, and the absorption band appeared at 644 nm is red 
shifted (Peon et al., 2001).  This result suggested that water molecules affected the 
electronic states of MV･+.  It is noteworthy that the  half- life of ESR intensity for  
MV･+ adsorbed on Sumecton SA was four months, when kept in the dark at room 
temperature after the UV irradiation.  Absorption maximum of the new band seen at 
600-700 nm in the spectra of the MV2+-Sumecton SA after the UV irradiation was 
decreased with the ESR intensity.  
The new bands seen at 300-500 nm in the spectra of the MV2+-smectites after 
the UV irradiation (Figures 2b and 3b) were attributed to oxides of MV2+ (Bahnemann 
et al., 1987) or protonated form of MV･+  (Solar et al., 1982).  Especially, UV 
irradiated MV2+-Sumecton SA (Figure 2b) emitted visible light (520 nm) using UV 
light (351 nm), indicating the formation of 1’,2’-dihydroxo-1’,1’-dimethyl-2’-oxo- 
4,4’-bypyridium cation (Bahnemann et al., 1987) . 
 
3-3-3. Electron donating ability of smectites 
UV-vis and ESR spectra revealed that the methylviologen intercalated in 
Sumecton SA and Laponite XLG were photoionized by the UV irradiation while 
photochemical reduction of methylviologen did not occur in the interlayer space of 
Kunipia F.   The amounts of the formed MV･+ were determined by ESR to be 0.73 
mmol/100 g clay on Sumecton SA, which is larger than that (0.16 mmol/100 g clay) 
formed on Laponite XLG under a same irradiation condition.  Taking into account the 
adsorbed methylviologen amount determined by the content to be C mass% (66 meq/ 
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100 g clay), molar ratio of the formed MV･+ to the total adsorbed MV2+ were 1.1 and 
0.3 mass% for MV2+-Sumecton SA and MV2+-Laponite XLG, respectively.  These 
results suggested that electron donating ability of smectite was affected by the 
structures and two electron donating sites are proposed to exist on smectite surface as 
schematically shown in Figure 6. 
The substitution in the tetrahedral sheet (Si4+→Al3+) of framework of the clays 
may generate an electron donating site.  A similar isomorphous substitution in 
zeolites has been thought to be an electron donor site to adsorbed MV2+ (Yoon and 
Kochi, 1988; Macmanus et al., 1995; Alvaro et al., 1997; Park et al., 1999; Ranjit and 
Kevan, 2002).  Bridging Si-O-Al oxygens have the higher electron density sites of 
framework of Sumecton SA.  Hence the excited MV2+ abstracted one electron from a 
bridging Si-O-Al oxygen lone pair.  Sumecton SA has a lot of substitution in the 
tetrahedral sheet compared with other hosts (see chapter 2, Table 1), so that the amount 
of the formed MV･+ adsorbed on Sumecton SA was the largest among tested samples.  
This result suggested that bridging Si-O-Al oxygens act as electron donors.  However, 
the MV2+ in the interlayer space of the Kunipia F did not form radical cation in spite of 
the existence of a considerable amount of tetrahedral Al in Kunipia F (see chapter 2, 
Table 3).  It was thought that the octahedral Fe in Kunipia F acted as a quencher to 
the excited MV2+.  It is known that the excited states of [Ru(bpy)3]2+ and MV2+ were 
quenched by Fe in the framework of smectite (Habti et al., 1984; Villemure et al., 
1991).  The fluorescence intensity of the MV2+ monomer adsorbed on Sumecton SA 
was several times stronger than that of the MV2+ adsorbed on Kunipia F.  Hence, the  
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Figure 6. Proposed electron donor sites of smectite. 
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excited MV2+ on Kunipia F was supposed to be quenched by the Fe. 
Another possible electron donating site is located at the crystal edges of 
smectites.  Particle sizes of Sumecton SA and Laponite XLG were much smaller than 
Kunipia F, so that these smectites have a lot of dangling bonds on crystal edges of 
smectites.  Although, it is not clear the structure of crystal edges of smectites, the 
charge transfer from the adsorbed aroma tic molecules such as benzidine to smectite 
was affected by crystal edge of smectites (Theng, 1971; 1974).  Pretreatment of 
smectites with polyphosphate which specifically adsorbed at crystal edge surfaces 
caused a marked reduction in the color intensity of the charge transfer complexes with 
montmorillonite, hectorite (Michaels, 1958).  Although these results suggested that 
the crystal edges of smectites act as electron accepters, the crystal edges can also act as 
electron donating site.  It was reported that excitation of strongly oxidizing species on 
SiO2 (silica-gel) leads to electron abstraction from SiO 2 to form the radical anion of 
MV2+ adsorbed on the SiO 2 and a positive hole on the SiO 2 (Mao et al., 1995; Thomas 
and Ellison, 2001).  Since methylviologen is strongly oxidizing species (electron 
accepter), we thought that the differences of ESR and UV-vis results reflected the 
number of dangling bonds and dangling bonds acted as electron donating sites. 
 
3-4. Conclusions 
The preparation of methylviologen-smectites (synthetic saponite: Sumecton SA, 
synthetic hectorite: Laponite XLG, and natural montmorillonite: Kunipia F) 
intercalation compounds and the photoinduced electron transfer from smectite to 
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methylviologen were investigated.  The methylviologen intercalated in Sumecton SA 
and Laponite XLG were photoionized by the UV irradiation while photochemical 
reduction of methylviologen did not occur in the interlayer space of Kunipia F.  
Sumecton SA and Laponite could behave as electron donors.  This result suggested 
that a bridging Si-O-Al oxygen lone pair in tetrahedral sites in Sumecton SA or 
dangling bonds of Sumecton SA and Laponite acted as electron donating sites. 
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